This paper discusses the use of tsunami modelling to refine the strategies to be used in coastal architectural and planning design works in effort to minimize future tsunami impacts on the coastal buildings. The ability to recreate the characteristics of the 2004 Sumatran Tsunami waves and their impacts is the reason to use computer simulation as the main tool of this research project. The Cornell Multi-Grid Coupled Tsunami Model (COMCOT) programme has been chosen to generate a series of tsunami events onto a one-kilometre-square area of Kuala Muda (north-west of Peninsular Malaysia) coastal area. COMCOT is expected to help practitioners and researchers make the best possible designs for this tsunami-threatened near-beach area. It has the capability to simulate the entire lifespan of a tsunami inclusive of the characteristics and the behaviour of the waves once it inundates the design area. It creates an opportunity to better understand and evaluate the performance of proposed designs in order to achieve the most tsunami-resistant design. The 2004 Sumatran Tsunami waves are considered the worst case scenario this area will experience. Therefore, the waves generated act upon proposed settlement patterns and buildings which are iteratively modified to achieve minimum tsunami damage. COMCOT outputs are used to propose coastal architectural design strategies for present and future nearbeach area developments, especially in the north-western coast of Malaysia. The final Tsunami Responsive Architecture (TRA) design is intended to be culturally acceptable, and to be extended with or without modification to suit other coastal areas at risk of tsunami.
Figure 1:
The Strait of Melaka will be in danger from the tsunamis originating from Andaman and Myanmar submarine earthquakes.
Source: www.googleimages.com
Even though the north-western coast of Peninsular Malaysia is only threatened by far-field tsunamis originating from neighbouring countries such as Indonesia, India, and Myanmar, the level of destruction is quite severe. The survey findings of the maximum tsunami run-up heights and the depth of inundations will be used as the 'design level tsunami' for the Kuala Muda coastal area. Therefore, the Tsunami Responsive Architecture (TRA) designs proposed in this article will be based on the characteristics of the 2004 Sumatran Tsunami as the 'design level tsunami'.
COMPUTERISED TSUNAMI SIMULATION MODELLING
This section describes how a series of working designs were tested using a computerised tsunami simulation programme named, COMCOT (Cornell Multigrid Coupled Tsunami Model) -Version 1.7 (Liu, 2007) . Computer simulation aided in further developing the overall proposed TRA coastal master plan. At an earlier stage of the TRA design work, the design was developed on the basis of best-practice recommendations from the literature. It also integrates the needs of Andaman Myanmar the coastal people of Kuala Muda (the end-users), which were identified during data collection surveys.
There are several other tsunami simulations on the market such as TsunAWI (Harig, Chaeroni, Pranowo, & Behrens, 2008) , TUNA (Koh, 2007) , MOST (Pacific Marine Environmental Laboratory, 2006) , ANUGA (Nielsen, Sexton, Gray, & Bartzis, 2005) , TUNAMI (Immamura, 1995) , INGV of the Instituto Nazionale Geofoscia e Vulcano, Italy and DELFT-3D of the Delft Hydraulics, the Netherlands. However, one of the main reasons COMCOT was used in this research was because COMCOT has been calibrated and is widely used by researchers to simulate past tsunami events. Some of the simulation projects using COMCOT were the re-creation of the 1960 Chilean earthquake tsunami, the 1992 Flores Island tsunami, the 2003 Algerian tsunami and the 2004 Sumatran tsunami. Therefore, COMCOT was seen as an appropriate tool to test the TRA designs options of this research project.
The main features of COMCOT are (COMCOT -A tsunami modelling package, 2011):
i. COMCOT is capable of simulating the entire lifespan of a tsunami, from its generation, propagation and run-up/rundown in coastal regions; ii.
COMCOT can generate tsunami waves via an incident wave maker, fault model, landslide, or even customized profile; iii.
COMCOT has a flexible nested grid setup which allows for the balance between accuracy and efficiency; iv.
COMCOT can help refine TRA designs and in making strategic decisions. Although physical modelling was initially considered during the initial setup for testing the TRA designs, COMCOT was finally selected. The decision was made on the basis of cost; computer simulation is less expensive than the setting up of a physical model.
OVERVIEW OF COMCOT MODELLING
Before starting with the COMCOT operation, several issues were considered to ensure the experimental work can be successful. These are questions of what to model, why, and how many designs to model and test, and how to get the best from COMCOT.
What to Model?
COMCOT is needed to model several tsunamis that are likely to strike the Malaysia north-western coastal area, especially Kuala Muda. COMCOT was used to regenerate the 2004 Sumatran Tsunami. The proposed TRA designs was then tested against that, because this is the worst case scenario that are dangerous
How Many Models to be Generated and Tested?
The proposed TRA designs were tested several times against the tsunami waves generated by COMCOT. The first initial TRA design incorporated mostly suggestions of the 'best-practices' tsunami resistant design from the literature, coastal construction manuals, and also construction and planning guidelines such as the FEMA P-55 (Coastal Construction Manual), FEMA 499 (Home Builder's Guide to Coastal Construction), and FEMA 646A (Local Community Official Guide to Vertical Evacuation from Tsunamis), just to name a few. Iteration on the design was continuously done only until the design could be evaluated as positively responsive enough to reduce tsunami forces upon it.
What Aspects of the TRA Designs will be Tested? A series of building layout and building designs was analysed against generated tsunami waves. The overall performance of the proposed master layout, i.e. arrangement and orientation of the buildings, elevations and the buildings' forms was investigated and analysed. To ensure that the final TRA design will be tsunami-responsive enough, all critical design aspects were thoroughly inspected.
In every test, the waves flowing through the model i.e. the TRA design layout and building designs were analysed. The analyses investigated the heights of the run-up, the inundation, the velocity of the flow, the terminal height, and the hydraulic forces impacting the surfaces of buildings, and the effectiveness of the overall master layout. The results were used to iterate improvements in the design, so as to meet the TRA design objectives as closely as possible.
COMCOT MODELLING PROCESSES
Setting up numerical simulation datasets for testing was a very time-consuming task with so many datasets needing to be prepared in fine detail. First, a bathymetry map of the near-shore area of Kuala Muda (MAL 565: Ko TarutaoPulau Pinang) as well as the topography map of the researched coastal area were digitized. Since both maps acquired were hard-copy, Golden Software Surfer 10.0 (Software, 2011) was used to enable the maps to be digitized (Figure 2) . Surfer 10.0 helped produce a highly detailed version of the seabed surfaces and the topographic characteristics of Kuala Muda. Highly detailed datasets are needed to produce accurate and reliable output from COMCOT. Source: Nordin (2015) Surfer 10.0 produces .dat file format. These files were then converted to .txt file format using the Microsoft Excel or Notepad. The .txt files were later inserted into Global Mapper V12 (LLC, 2009) software needed to produce the three-dimensional surface profiles of the research area.
Five layers of datasets were prepared and set in layers in COMCOT; Grid Layer 1 was set with 1000m grid resolution, Grid Layer 2 -500m, Grid Layer 3 -20m, Grid layer 4 -5m, and Grid Layer 5 -1m. Grid Layer 1 represents the biggest coverage dataset with the widest grid resolution. A coarser dataset of bathymetry and topography of wider Indian Ocean and Malacca Strait bathymetry is downloadable from ETOPO1. ETOPO1 is a model of the surface of the world which contains both land topography and the ocean bathymetry in 1 arc-minute (Amante & Eakins, 2009 ) (1 arc-minute equals to 1/60 degree). The topography and nearshore bathymetry of Kuala Muda (digitized datasets) were the finest datasets needed for this tsunami inundation modelling purposes. After the bathymetry and topographic surfaces modelling completed, the TRA design layout plan was then digitized.
The fully developed topography and bathymetry datasets include the finished digitized TRA design, which was then converted into .xyz file formats to create the full set of surface data needed. The compiled datasets, i.e. bathymetry and topography surfaces, earthquake fault models, and the TRA design (all converted as .xyz files format) were inserted into COMCOT. This is the stage where the TRA designs were tested.
The TRA design undergwent some iterations after each test run in COMCOT. The behaviour of the waves that inundate the coastal land area and the buildings were then analysed. The retreating waves were also considered. Several design iterations were analysed to see aspects of the TRA designs which needed to be improved. Designs that fail to attain intended TRA design objectives were improved. Testing in COMCOT was repeated until the best and most responsive TRA design against tsunami waves was achieved. Figure 3 shows the overall process that involves COMCOT to test the TRA designs. 
ADVANTAGES AND LIMITATIONS OF COMCOT
Every programme or application has its limitations, including COMCOT. In this section, the advantages of using computer modelling against physical modelling are discussed.
The first advantage of using the COMCOT is the ability to run test many times, and for the researcher to make faster adjustments to the datasets compared to using a physical model. COMCOT is capable of generating the maximum value of inundation depth, velocity of the waves, hydrodynamic forces, and also the curve of the tsunami arrival period (Wijetunge, Wang, & Liu, 2008) . This information can be recorded graphically and will help to study and understand the waves' behaviour when they hit the TRA design model.
COMCOT can model the tsunami run-up and also retreating tsunami waves (COMCOT -A tsunami modelling package, 2011). These features enable better analyses of the incoming waves' movements onto the coastal area and around the buildings and structures, and also the impact of retreating waves.
COMCOT has two fault models. First, from Mansinha & Smylie's theory and the second based upon Okada's theory (COMCOT -A tsunami modelling package, 2011; Wang 2011). Both are based on the input of earthquake parameters to calculate the displacement of the seafloor. Okada's theory is an extension of Mansinha & Smylie's theory (COMCOT -A tsunami modelling package, 2011). These models enable a submarine earthquake to be created from anywhere along an identified existing fault slip in the region being considered.
Computer modelling is more cost effective to run. A physical model using wave-flumes or a wave-basin needs far more resources than are available. Computer simulation can also be operated from anywhere in the world, and not fixed in one place.
Regarding limitations of COMCOT, there are some issues to be taken care of by the researchers. Careful input of data is needed to avoid any mistakes during the mapping and data digitalizing process. The data (.dat formats) produced by the Surfer 10.0 need to be checked carefully before converting the whole datasets to a .txt file. Any mistake in processing these datasets will generate inaccurate results.
COMCOT works three-dimensionally, however it can only read the input of two-dimensional models. In other words, COMCOT cannot read or give information for better 3D building forms, except a solid geometric pattern. For example, COMCOT only reads and gives information on what is happening to the columns' surfaces of buildings designed with elevated first floors, i.e. no walls at ground floor, but no information for the walls at the first floor.
Another issue is that every building and structure designed is assumed to be very strong and not collapse in the simulations. This occurs because COMCOT cannot simulate the destruction of those buildings by the waves, but will shows the diffraction of the waves when they hit the structures. The simulation's output will need inspection, and decisions to iterate TRA design were based on manually calculated structural strengths against hydro-dynamic forces.
Debris transportation is not simulated in COMCOT. This is another disadvantage of this simulation programme. Since possible density of debris could and will change dramatically in real-time i.e. not a fixed hazard, it is too difficult to simulate this condition. Debris transportation however was ignored in this research.
SIMULATION RESULT
Based on the output of COMCOT simulation exercises shown in Figure 4 , the findings concluded that the proposed final TRA design layout shown promising effectiveness to help reduce the damage to the coastal properties (specially to the 'intended shielded area' of existing weaker coastal structures, i.e. the nonengineered kampong houses) in Kuala Muda where the velocity of waves is reduced significantly by 43% to 67%; tsunami run-up heights reduced by 14% to 100%; and the distance of inundations also is reduced by 65% to 90% (Nordin, 2015) . Source: Nordin (2015) 'Intended shielded area' fully inundated 'Intended shielded area' has lower run-up heights
CONCLUSION
COMCOT is a vital tool needed because of its ability to regenerate previous tsunami events and also to generate predicted ones instead of using a physical model. The decision was also made because computer simulation is not only cheaper to run than setting up a physical model, but it also enable researcher to study the overall performance of the proposed TRA coastal design as beneficial, hence a better informed coastal architectural design decision can be made to reduce casualties of both human and properties.
